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Summary
Glycosylglycerols are powerful osmolytes, produced by various plants, algae and bac-
teria in adaptation to salt stress and drought. Among them, glucosylglycerol (2-O-a-D-glu-
copyranosyl-sn-glycerol; GG) has attracted special attention for its promising application
as a moisturizing agent in cosmetics. A biocatalytic process for the synthesis of GG as in-
dustrial fine chemical is described in which sucrose phosphorylase (from Leuconostoc me-
senteroides) catalyzes regioselective glucosylation of glycerol using sucrose as the donor
substrate. The overall enzymatic conversion, therefore, is sucrose+glycerol®GG+D-fructose.
Using a twofold molar excess of glycerol acceptor in highly concentrated substrate solu-
tion, GG yield was 90 % based on ³250 g/L of converted sucrose. Enzymatic GG produc-
tion was implemented on a multihundred kg-per-year manufacturing scale, and a com-
mercial product for cosmetic applications is distributed on the market under the name
Glycoin®. Technical features of the biotransformation that were decisive for a successful
process development are elaborated. Stabilization of proteins is another interesting field of
application for GG.
Key words: glucosylglycerol, sucrose phosphorylase, transglucosylation, glycerol, Glycoin®,
protein stabilization, osmolytes
Introduction
Microbial life under extremes of temperature, osmo-
tic pressure and pH is facilitated by the intracellular ac-
cumulation of a diverse class of small molecules that are
often referred to as compatible solutes (1–4). A conserved
characteristic for many of these compounds is a glyco-
sidic chemical structure (Scheme 1). Compatible solutes
(also termed osmolytes) are found ubiquitously in na-
ture where they serve a conserved function in protecting
cells against high salt concentration, extremes of tempe-
rature and other forms of external stress. Their physio-
logical effectiveness (5–7) and technological performance
(3,8) can be traced back to the ability to regulate the cel-
lular water balance and to the prevention of denatura-
tion of proteins and the stabilization of supramolecular
biological structures like those of lipid membranes.
Glycosylglycerols are powerful osmolytes that are
produced by various plants, algae, and bacteria in adap-
tation to salt stress and drought (9). Among them, 2-O-
-a-D-glucopyranosyl-sn-glycerol (GG; Scheme 1), which
is the main compatible solute in photosynthetic bacteria
(10), has attracted special attention for its promising
application as a moisturizing agent in cosmetics (11–13),
but also for use as low-calorie sweetener that does not
cause tooth decay (14). Possible therapeutic applications
of GG that are inferred from its ability to stabilize pro-
teins and cells are currently being evaluated (15,16).
However, the development of industrial applications for
GG (and related carbohydrate-based compatible solutes)
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was severely restricted by compound availability. Previ-
ously reported synthetic procedures were not technolo-
gically mature due to difficult problems of insufficient
yield, selectivity, productivity, or a combination of these
major limitations (14,17–19). We have described a new
biocatalytic process which overcomes the chemical and
technological challenges of the production of stereoche-
mically pure GG as an industrial chemical.
Sucrose Phosphorylase
Sucrose phosphorylase (sucrose:phosphate a-D-gluco-
syltransferase; EC 2.4.1.7) catalyzes the reversible conver-
sion of sucrose (a-D-glucopyranosyl-1,2-b-D-fructofurano-
side) and phosphate into a-D-glucopyranosyl phosphate
(G1P) and D-fructose. The equilibrium constant for the
phosphorylase reaction at pH=7.0 and 30 °C is approx.
44 (20). The enzyme has been characterized from a re-
latively small number of bacterial species, namely Bifido-
bacterium adolescentis (21), Leuconostoc mesenteroides (20,22–
24), Pseudomonas saccharophila (25–27) and Streptococcus mu-
tans (28–30). However, genes encoding putative sucrose
phosphorylases have been detected in many other spe-
cies, mainly in members of the bacterial class of Bacillus.
The enzyme is about 500 amino acids long and was found
to occur as a functional monomer or dimer. Its activity is
not dependent on cofactors or cosubstrates. A crystal
structure has been determined for the homodimeric su-
crose phosphorylase from B. adolescentis (31). The enzyme
adopts the canonical (b/a)8-barrel fold (Fig. 1a) of gly-
coside hydrolases and transglycosidases of family GH13
(the 'a-amylase family') of the glycoside hydrolase fami-
lies. Therefore, in spite of its EC categorization as a gly-
cosyltransferase, sucrose phosphorylase is structurally
related to glycoside hydrolases. The active site residues,
a triad of two aspartic acids and one glutamic acid, are
highly conserved in both sequence and structure (Fig.
1b).
Biochemical studies of sucrose phosphorylase go back
in time to the 1940s. The enzyme was first discovered in
L. mesenteroides (32) and P. saccharophila (33). Mieyal and
Abeles (34) summarized evidence from early mechani-
stic work on sucrose phosphorylase that led to the per-
ceptive proposal of a double displacement-like reaction
mechanism involving a catalytically competent covalent
enzyme intermediate. A b-configured O-glycosidic link-
age between the glucosyl moiety and a carboxylate side
chain from Asp/Glu was demonstrated (35). The pro-
posed covalent intermediate has now also been seen cry-
stallographically (36). Residues involved in catalysis were
probed and their proposed function confirmed by kine-
tic characterization of relevant site-directed mutants (37–
39). The catalytic mechanism of sucrose phosphorylase
is summarized in Scheme 2.



























































Scheme 1. Chemical structures of mannosylglycerol (MG),
mannosylglycerate (MGA), glucosylglycerol (GG), glucosylgly-
cerate (GGA), a,a-trehalose and sucrose
Fig. 1. Sucrose phosphorylase structure: a) three-dimensional fold of the subunit of sucrose phosphorylase from B. adolescentis deri-
ved from the crystal structure of the dimeric enzyme (PDB entry 1r7a), b) close-up structure of the active site in the b-glucosyl
enzyme intermediate of the phosphorylase (PDB entry 2gdv, molecule A). Residues of the catalytic triad, Asp192 (nucleophile; glu-
cosylated in the structure), Glu232 (acid–base), and Asp290 (transition state stabilizer) are indicated. Partial multiple sequence align-
ment of primary structures of sucrose phosphorylase enzymes from B. adolescentis (BaSPase, GenBank AAO33821), L. mesenteroides
(LmSPase, GenBank BAA14344), P. saccharophila (PsSPase, GenBank AAD40317), and S. mutans (SmSPase, GenBank AAA26937). The
alignment was performed with the Vector NTI program using the AlignX-modul with the blosum62mt2 scoring matrix
Sucrose phosphorylase is known to catalyze three
types of overall reaction, as shown in Scheme 3: gluco-
syl transfer to and from phosphate, often termed phos-
phorolysis and synthesis; hydrolysis; and transglucosyl-
ation. Hydrolysis and transglucosylation are reactions of
the glucosylated phosphorylase when phosphate is lack-
ing. Hydrolysis occurs at a rate of ³50 times more slowly
than glucosyl transfer to phosphate. External acceptors
differ in reactivity towards glucosylation by the phos-
phorylase (40).
Sucrose, G1P and a-D-glucopyranosyl fluoride (G1F)
are highly reactive donor substrates for the enzyme. The
range of acceptor substrates is broad (34,41), defining
the scope for sucrose phosphorylase as a useful trans-
glucosylation catalyst. The crystallographically observed
conformational flexibility of the acceptor binding site in
sucrose phosphorylase (from B. adolescentis) may be the
key to the accommodation of a diverse group of com-
pounds to become glucosylated (40).
Biocatalytic Synthesis of GG
The enzymatic reaction used for the synthesis of GG
is shown in Scheme 4. Sucrose phosphorylase promotes
transglucosylation in two steps where the b-glucosyl-en-
zyme intermediate formed in the first half-reaction (en-
zyme glucosylation) is intercepted by the 2-OH of glyce-
rol in the second half-reaction to yield the a-configured
glucosidic product (enzyme deglucosylation). Hydro-
lysis of the intermediate potentially competes with group
transfer to the acceptor substrate. Furthermore, hydro-
lysis of a product would constitute an undesired second-
ary reaction catalyzed by the enzyme (see later).
Glucosyl transfer from sucrose to glycerol was char-
acterized kinetically. An assay was used in which the
rate of the overall reaction, measured as the release of
fructose (VFru), was compared to the hydrolysis rate, mea-
sured as the release of glucose (VGlc). A ratio VFru/VGlc
that is substantially greater than the unity indicates glu-
cosylation of acceptor substrate. Experiments performed













































Scheme 2. Proposed catalytic mechanism for sucrose phosphorylase. The enzymatic reaction proceeds in two catalytic steps via a co-












Scheme 3. Three types of overall reactions catalyzed by sucrose phosphorylases. The b-glucosyl-enzyme intermediate can react with
phosphate (phosphorolysis) and fructose (synthesis), with water (hydrolysis) or with various other acceptors (transglucosylation).








































Scheme 4. Enzymatic reaction used for the synthesis of GG
under the conditions in which glycerol concentration var-
ied in the range of 0.02–3.0 mol/L while the sucrose
concentration was constant at 0.8 mol/L revealed a li-
near dependence of VFru/VGlc on the acceptor substrate
concentration. The slope of this linear dependence yields
the kinetic partition coefficient (kglycerol/kwater) for the re-
action of covalent enzyme intermediate with glycerol and
water. It had a value of 7.9 L/mol. The comparison of
kglycerol/kwater for sucrose phosphorylase with kinetic par-
tition coefficients for transglycosylation by other enzyme
systems for which a similar analysis has been performed
suggests that glycerol should be a synthetically useful
acceptor substrate to become glucosylated from sucrose.
Based on the available kinetic evidence, synthesis ex-
periments were designed (e.g. 0.3 mol/L sucrose, 2.0
mol/L glycerol) in which the formation of glucosyl trans-
fer product was monitored by HPLC as well as NMR
analysis of samples taken at certain times. It was found
that transglucosylation occurred with excellent efficien-
cy (approx. 95 % of donor substrate converted), imply-
ing that competition from the hydrolysis reaction was
nearly absent under the used conditions. Structural char-
acterization of the product revealed glucosyl transfer with
high selectivity for the 2-OH of glycerol. Within limits of
detection of the used analytical method, no glucosyla-
tion of the 1-OH was observed.
Optimization of the biocatalytic transformation in-
volved systematic variation of the acceptor/donor ratio
at different levels of sucrose. We found that 0.8 mol/L
of sucrose gave the best transfer yield (85 %) under the
conditions when excess of glycerol (2.0 mol/L) was pres-
ent. Further increase of the sucrose concentration re-
sulted in lowering of yield and productivity. The use of
a glycerol/sucrose ratio of ³2 promotes glucosyl transfer
in high yield (³85 %). However, a process development
that integrates biocatalytic reaction and downstream pro-
cessing might sacrifice a few percent of yield in favour
of a reduced amount of unreacted glycerol that needs to
be removed during product isolation. We were able to
decrease the concentration of glycerol to 1.0 mol/L with-
out seriously compromising the synthesis of GG from
0.8 mol/L of sucrose (72 % yield).
Fig. 2 shows a time course of glucosylation of gly-
cerol (2.0 mol/L) from sucrose (1.0 mol/L) using a crude
preparation of L. mesenteroides sucrose phosphorylase as
the catalyst. The enzyme used in the reaction was re-
combinantly produced in E. coli and can be obtained in
useful yield and productivity from a bioreactor culture
of the organism (20). It was determined that the perfor-
mance of sucrose phosphorylase in the synthesis of GG
was not dependent on biocatalyst purity (42). The iso-
lated enzyme could be replaced by crude E. coli cell ex-
tract containing the same amount of phosphorylase ac-
tivity without introducing a negative effect on either
product yield or productivity. However, the use of whole
bacterial cells expressing sucrose phosphorylase was
accompanied by a substantial decrease in product yield
as compared to the same reaction employing the free
enzyme.
Analysis using HPLC and NMR showed that stereo-
chemically pure GG was obtained in about 90 % yield,
based on the converted donor substrate. The final pro-
duct concentration was close to 1 M (250 g/L) and with
the enzyme loading of 20 000 U/L, productivity of about
1.5 mol/(L·h) was reached. Considering that synthesis of
GG is a kinetically controlled reaction (see Scheme 4) for
which it would be expected that the overall conversion
eventually approaches a thermodynamic equilibrium
favouring hydrolysis of all glycosidic compounds pre-
sent, the time course in Fig. 2 is quite interesting. Most
of the transformation of sucrose into GG happens in the
first 24 h of reaction and after this time, an apparent
equilibrium appears to have been reached where the
concentration of all measured compounds remains (nearly)
constant. By way of comparison, a biocatalytic transgly-
cosylation in which the glycosidic product undergoes
rapid secondary hydrolysis by the enzyme typically re-
sults in a reaction time course where product concen-
tration first increases to a transient maximum value but
then decays at extended incubation times. The techno-
logical advantage of a time course like that seen for GG
production in Fig. 2 is that residence time in the (indus-
trial) reactor needs not be tightly controlled, which it has
to be for kinetically 'unstable' products. We could also
show that there is a marked hindrance for hydrolysis of
GG by sucrose phosphorylase, providing a plausible ex-
planation for the unusual (kinetic) stability of GG under
the conditions used for the synthesis. The turnover fre-
quency (kcat) of the enzyme for GG was of the order of
5·10–4 s–1 and can be compared with a kcat of about 2 s–1
for the hydrolysis of sucrose. The mechanistic basis for
the poor reactivity of sucrose phosphorylase with GG is
not fully clear but it seems that replacement of D-fruc-
tosyl (in sucrose) by glycerol (in GG) as the leaving group
of the donor substrate causes enzyme glucosylation to
become an extremely slow step of the overall catalytic
cycle of the phosphorylase.
The product mixture obtained in the conversion
shown in Fig. 2 contained (in g/L): GG 224, D-fructose
172, glycerol 103, sucrose 13 and D-glucose 13. The iso-
lation of GG at a purity of 95 % or greater was accom-
plished on laboratory scale by elution chromatography
using a packed bed of activated charcoal. GG was ob-
tained by gradient elution using increasing concentra-
tions of ethanol in water. The yield of the purification
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Fig. 2. Time course of synthesis of GG. Following conditions
were used: sucrose 1.0 M, glycerol 2.0 M, sucrose phosphoryl-
ase 20 U/mL (crude E. coli cell extract containing the recombi-
nant enzyme) at 30 °C, pH=7.0.  D-fructose,  D-glucose, 
GG,  sucrose
was about 60 %, leaving clear room for improvement of
the overall production process in the downstream pro-
cessing.
Enzymatic production of GG (43) was implemented
on industrial scale by the company bitop AG (Witten,
Germany) and GG was commercialized under the trade-
name Glycoin®. A product termed Glycoin Extremium is
available on the market and will be used as active in-
gredient for cosmetic formulations (44).
Technical Features Decisive for Successful
Process Development
Transglycosylation efficiency and yield
Sucrose phosphorylase catalyzes glucosyl transfer
with retention of the a-anomeric configuration of the
donor substrate in the resulting glucosidic product. The
enzyme shares its double displacement-like catalytic mech-
anism (Scheme 2) with the vast majority of glycoside
hydrolases and transglycosidases that catalyze their re-
actions via configurational, a®a or b®b retention (45).
Interception of the glycosyl enzyme intermediate by ex-
ternal acceptors is the common mechanistic basis for trans-
glycosylation by these enzymes (46). Transfer to accep-
tor usually occurs under strong competition with the re-
action of water. The transglycosylation product is by
definition a substrate of the enzyme and can therefore
be degraded by secondary hydrolysis. An 'ideal' biocata-
lytic system for transglycosylation would efficiently pre-
vent primary hydrolysis of the glycosylated enzyme and
also show low reactivity towards the glycosyl transfer
product (secondary hydrolysis). Both primary and secon-
dary hydrolysis decrease the atom economy of the bio-
transformation. Furthermore, the hydrolysis product may
inhibit the enzyme and it can serve as an unwanted gly-
cosyl acceptor, leading to contamination of the glycosi-
dic product derived from transglycosylation. The glyco-
syl donor substrate should be a chemically stable and
benign ('green') compound. However, its reactivity to-
wards the enzyme should be sufficient to provide a high
steady-state concentration of the covalent intermediate.
Thermodynamically, the donor substrate should drive the
overall transglycosylation towards the product. Results
(see Fig. 2) show that the system 'sucrose phosphorylase
and sucrose' differs from other transglycosylation cata-
lysts in that it fulfills these requirements very well.
In terms of catalytic efficiency (kcat/KM measured at
a saturating concentration of phosphate), sucrose is a 5.4-
-fold better donor substrate for glucosylation of sucrose
phosphorylase (from L. mesenteroides) than G1P (38).
Considering the equilibrium constant for phosphorolysis
of sucrose (Keq~44) (20), the overall thermodynamic driv-
ing force for glucosylation to proceed from sucrose will
be substantially higher than that for the same transfor-
mation starting from G1P. Kinetic studies in which sucrose
and G1P were compared as substrates for glucosylation
of glycerol have revealed that the covalent intermediate
of L. mesenteroides sucrose phosphorylase reacted more
efficiently with the acceptor when sucrose instead of G1P
was employed as glucosyl donor (42). Enhanced trans-
glucosylation efficiency could result from a truly in-
creased reactivity of the glucosylated enzyme towards
glycerol when sucrose is present or it could be apparent
and reflect (partial) suppression of the reaction with
water under these conditions. Whatever explanation is
correct, in practical terms, however, sucrose is the
clearly preferred choice of donor substrate for the
enzyme.
Regioselective glucosylation
The active site of sucrose phosphorylase provides
splendid control over the regioselectivity of glucosyl
transfer to glycerol such that only the desired product is
obtained (42). By contrast, a-transglucosidases used for
synthesis of GG gave a mixture of a-glucosylglycerol
regioisomers in which 1-O-a-D-glucopyranosyl-rac-gly-
cerol was the main constituent (14,47). It would be diffi-
cult to separate authentic GG from these other regioiso-
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Fig. 3. Interactions of the acceptor glycerol with the b-glucosyl
enzyme intermediate of sucrose phosphorylase from B. adoles-
centis (PDB-entry 2gdv, molecule A) derived from an energy-
-minimized flexible ligand-protein (orange) docking experiment


















Scheme 5. Comparison of transglucosylation catalysts for the
production of GG. The relative flux through each step of the re-
spective enzymatic reaction was calculated using the data from
literature and is indicated by arrow length (black: sucrose pho-
sphorylase (42); orange: a-glucosidase (14)). Aspects related to
regioselectivity of glucosyl transfer (dotted lines) and secondary
product hydrolysis (*) are indicated. The scheme is redrawn ac-
cording to Goedl et al. (40). 1-GG, 1-O-a-D-glucopyranosyl-rac-
-glycerol
mers. We and other authors have observed for sucrose
phosphorylase that under the conditions in which a
suitable 1,2-diol moiety is available for reaction in the
acceptor substrate, it is generally the secondary hydrox-
yl that becomes glucosylated (48). Interactions at the ac-
ceptor binding site, suggested by the results of docking
experiments based on the crystal structure of glucosyl-
ated sucrose phosphorylase from B. adolescentis (Fig. 3),
provide a rationale for a highly regioselective glucosyl
transfer by the enzyme. In Fig. 3, glycerol is positioned
so that the C2-OH is ready for undergoing reaction
(distance 3.06 Å) with the anomeric carbon of the b-glu-
cosyl residue. Glu232 has a bidentate hydrogen bonding
interaction with C1-OH and C2-OH of glycerol. With a
distance of 2.89 Å from one of its oxygens to the oxygen
of glycerol C2-OH, the (ionized) side chain of Glu232
appears to be placed suitably for providing general base
catalysis to the nucleophilic attack of the acceptor sub-
strate. The model in Fig. 3 therefore suggests that the
role of C1-OH of glycerol is not just in acceptor sub-
strate recognition. By pulling the side chain of Glu232
into the requisite position for 'activation' of C2-OH, the
primary hydroxyl is expected to be directly auxiliary to
the catalytic event.
Scheme 5 (14,40,42) summarizes the advantages of
using sucrose phosphorylase for the synthesis of GG as
compared to literature where a chiefly hydrolytic a-trans-
glucosidase was employed for a-glucosylglycerol pro-
duction from maltose and glycerol.
Novel Applications of GG
Proteins constitute one of the most rapidly growing
classes of biotechnological products. Their major current
applications are in the biopharmaceutical sector (49–51)
and as industrial enzymes (52–54). Irrespective of their
use, however, many of the commercialized proteins are
not stable enough to fully resist denaturing effects oc-
curring during their production (55,56), while being stored
(57,58), and under the conditions of application (52,53).
One useful strategy employed to prevent protein dena-
turation, and the loss of function usually associated with
it, is the use of external stabilizers (59–61). Compared to
other approaches that rely on modification of the target
protein, it offers the advantages of working with the na-
tive protein structure and being potentially applicable to
a number of different proteins. Due to their effects on
protein preferential hydration and other direct interac-
tions that favour the folded over the unfolded protein
state (62,63), glycosidic solutes often serve to enhance both
thermodynamic and/or kinetic stability of proteins (59).
Mannosylglycerate (MGA; Scheme 1), a solute widely dis-
tributed in (hyper)thermophilic microorganisms, has re-
cently been identified as a powerful stabilizer of differ-
ent enzymes against thermally induced inactivation and
unfolding (64–67). It was shown that the 'thermo-protec-
tion' conferred by MGA was usually superior to that of
the widely used protein stabilizer a,a-trehalose (66,67).
GG was evaluated as a stabilizer of different en-
zymes undergoing inactivation by elevated temperature
or freeze drying. The stabilizing effect was benchmarked
against that of a,a-trehalose. Results are compiled in Fig.
4 for temperature stress (68,69) and Table 1 for freeze
drying (70). They support the use of GG as an external
reagent protecting protein preparations against denatu-
ration (71).
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Fig. 4. Inactivation time courses at elevated temperature for: a)
L-lactic dehydrogenase from rabbit muscle (Sigma) at 40 °C, b)
Corynebacterium callunae starch phosphorylase (68) at 35 °C and
c) Candida tenuis xylose reductase (69) at 30 °C. Experiments
were performed using 50 mg of protein per mL in the absence
() or presence of 0.5 M of GG () and a,a-trehalose (). Data
taken from Sawangwan et al. (71)
Table 1. Stabilization of Pseudomonas fluorescens mannitol 2-de-
hydrogenase (70) during freeze drying. A protein concentration
































Sucrose phosphorylase is a long known enzyme
whose splendid features as glucosylation catalyst may
not have been fully appreciated in the past. The enzyme
used together with sucrose as the donor substrate pro-
vides a highly efficient biocatalytic system for the syn-
thesis of different a-D-glucosides linked to a range of
structurally diverse O-aglycons. Commercialization of pro-
duction of GG presents a first case of application of su-
crose phosphorylase in the industrial fine chemical syn-
thesis. The commercial product Glycoin® developed from
GG is currently being evaluated for use in cosmetics.
Another interesting application of GG is its use as a pro-
tein stabilizer.
Acknowledgements
Financial support from the Austrian Science Fund
(DK Molecular Enzymology W901-B05, Projects P18138-
-B09 and L586-B03) is gratefully acknowledged.
References
1. V. Müller, R. Spanheimer, H. Santos, Stress response by so-
lute accumulation in archaea, Curr. Opin. Microbiol. 8 (2005)
729–736.
2. H. Santos, M.S. da Costa, Compatible solutes of organisms
that live in hot saline environments, Environ. Microbiol. 4
(2002) 501–509.
3. G. Lentzen, T. Schwarz, Extremolytes: Natural compounds
from extremophiles for versatile applications, Appl. Micro-
biol. Biotechnol. 72 (2006) 623–634.
4. M.B. Burg, J.D. Ferraris, Intracellular organic osmolytes: Func-
tion and regulation, J. Biol. Chem. 283 (2008) 7309–7313.
5. H. Santos, P. Lamosa, T.Q. Faria, N. Borges, C. Neves: The
Physiological Role, Biosynthesis, and Mode of Action of
Compatible Solutes from (Hyper)Thermophiles. In: Physio-
logy and Biochemistry of Extremophiles, C. Gerday, N. Glans-
dorff (Eds.), ASM Press, Washington, DC, USA (2007) pp.
86–103.
6. N. Empadinhas, M.S. da Costa, Diversity and biosynthesis
of compatible solutes in hyper/thermophiles, Int. Microbiol.
9 (2006) 199–206.
7. M.S. da Costa, H. Santos, E.A. Galinski, An overview of
the role and diversity of compatible solutes in Bacteria and
Archaea, Adv. Biochem. Eng./Biotechnol. 61 (1998) 117–153.
8. T. Schwarz, G. Lentzen, J. Krutmann, Orally used compati-
ble solute containing agents. WO patent 2006097263 (2006).
9. D.K. Hincha, M. Hagemann, Stabilization of model mem-
branes during drying by compatible solutes involved in
the stress tolerance of plants and microorganisms, Biochem.
J. 383 (2004) 277–283.
10. S. Fulda, J. Huckauf, A. Schoor, M. Hagemann, Analysis of
stress responses in the cyanobacterial strains Synechococcus
sp. PCC 7942, Synechocystis sp. PCC 6803, and Synechococ-
cus sp. PCC 7418: Osmolyte accumulation and stress pro-
tein synthesis, J. Plant Physiol. 154 (1999) 240–249.
11. K. Yoshida, A. Takenaka, T. Nitta, M. Iki, a-D-Glucopyra-
nosyl glycerol derivatives as antiallergic agents, health fo-
ods, and cosmetics. JP patent 2007137862 (2007).
12. U. Breitenbach, V. Kallmayer, T. Raschke, C. Scherner, W.
Siefken, S. Viala, Cosmetic preparations containing gluco-
syl glycerides and one or more acrylamidomethyl propyl-
sulphonic acid polymers. WO patent 2006122669 (2006).
13. J. Thiem, O. Scheel, G. Schneider, Cosmetic preparations
with an effective amount of glycosylglycerides as skin mo-
isturizers. EP patent 770378 (1997).
14. F. Takenaka, H. Uchiyama, Synthesis of a-D-glucosylglyce-
rol by a-glucosidase and some of its characteristics, Biosci.
Biotechnol. Biochem. 64 (2000) 1821–1826.
15. T. Nitta, A. Takenaka, M. Iki, E. Matsumura, M. Sakagu-
chi, Antitumor agents containing a-D-glucopyranosylglyc-
erols and food and cosmetics containing them. JP patent
2007262023 (2007).
16. D. Colombo, F. Compostella, F. Ronchetti, A. Scala, L. Toma,
H. Tokuda, H. Nishino, Glycoglycerolipid analogues acti-
ve as anti-tumor-promoters: The influence of the anomeric
configuration, Eur. J. Med. Chem. 35 (2000) 1109–1113.
17. R. Suhr, O. Scheel, J. Thiem, Synthesis of glycosyl glyce-
rols and related glycolipids, J. Carbohydr. Chem. 17 (1998)
937–968.
18. N. Ohta, K. Achiwa, Synthesis of biologically active galac-
tosyl and glucosyl-glycerol derivatives, Chem. Pharm. Bull.
39 (1991) 1337–1339.
19. A. Roder, E. Hoffmann, M. Hagemann, G. Berg, Synthesis
of the compatible solutes glucosylglycerol and trehalose by
salt-stressed cells of Stenotrophomonas strains, FEMS Micro-
biol. Lett. 243 (2005) 219–226.
20. C. Goedl, A. Schwarz, A. Minani, B. Nidetzky, Recombi-
nant sucrose phosphorylase from Leuconostoc mesenteroides:
Characterization, kinetic studies of transglucosylation, and
application of immobilised enzyme for production of a-D-
-glucose 1-phosphate, J. Biotechnol. 129 (2007) 77–86.
21. L.A. van den Broek, E.L. van Boxtel, R.P. Kievit, R. Verhoef,
G. Beldman, A.G. Voragen, Physico-chemical and transglu-
cosylation properties of recombinant sucrose phosphoryla-
se from Bifidobacterium adolescentis DSM20083, Appl. Micro-
biol. Biotechnol. 65 (2004) 219–227.
22. H. Kawasaki, N. Nakamura, M. Ohmori, K. Amari, T. Sa-
kai, Screening for bacteria producing sucrose phosphoryla-
se and characterization of the enzymes, Biosci. Biotechnol.
Biochem. 60 (1996) 319–321.
23. T. Koga, K. Nakamura, Y. Shirokane, K. Mizusawa, S. Ki-
tao, M. Kikuchi, Purification and some properties of sucro-
se phosphorylase from Leuconostoc mesenteroides, Agric. Biol.
Chem. 55 (1991) 1805–1810.
24. J.H. Lee, S.H. Yoon, S.H. Nam, Y.H. Moon, Y.Y. Moon, D.
Kim, Molecular cloning of a gene encoding sucrose phos-
phorylase from Leuconostoc mesenteroides B-1149 and the
expression in Escherichia coli, Enzyme Microb. Technol. 39
(2006) 612–620.
25. R. Silverstein, J. Voet, D. Reed, R.H. Abeles, Purification
and mechanism of action of sucrose phosphorylase, J. Biol.
Chem. 242 (1967) 1338–1346.
26. R. Weimberg, M. Doudoroff, Studies with three bacterial
sucrose phosphorylases, J. Bacteriol. 68 (1954) 381–388.
27. L.B. Tsai, G.S. Gong, G.T. Tsao, Sucrose phosphorylase from
Clostridium pasteurianum, Abstracts of the Annual Meeting of
the American Society of Microbiology, Miami Beach, FL, USA
(1980).
28. R.R. Russell, H. Mukasa, A. Shimamura, J.J. Ferretti, Strep-
tococcus mutans gtfA gene specifies sucrose phosphorylase,
Infect. Immun. 56 (1988) 2763–2765.
29. J.P. Robeson, R.G. Barletta, R.r. Curtiss, Expression of a
Streptococcus mutans glucosyltransferase gene in Escherichia
coli, J. Bacteriol. 153 (1983) 211–221.
30. J.J. Ferretti, T.T. Huang, R.R.B. Russell, Sequence analysis
of the glucosyltransferase A gene (gtfA) from Streptococcus
mutans Ingbritt, Infect. Immun. 56 (1988) 1585–1588.
31. D. Sprogøe, L.A.M. van den Broek, O. Mirza, J.S. Kastrup,
A.G.J. Voragen, M. Gajhede, L.K. Skov, Crystal structure of
sucrose phosphorylase from Bifidobacterium adolescentis,
Biochemistry, 43 (2004) 1156–1162.
32. B.O. Kagan, S.N. Lyatker, E.M. Tsvasman, Phosphorolysis
of sucrose by the cultures of Leuconoctoc mesenteroides, Bio-
khimiya, 7 (1942) 93–108.
282 C. LULEY-GOEDL et al.: Biocatalytic Production of a-Glucosylglycerol, Food Technol. Biotechnol. 48 (3) 276–283 (2010)
33. M. Doudoroff, Studies on the phosphorolysis of sucrose, J.
Biol. Chem. 151 (1943) 351–361.
34. J.J. Mieyal, R.H. Abeles: Disaccharides Phosphorylases. In:
The Enzymes, P.D. Boyer (Ed.), Academic Press, New York,
NY, USA (1972) pp. 515–532.
35. J.G. Voet, R.H. Abeles, The mechanism of action of sucrose
phosphorylase. Isolation and properties of a b-linked co-
valent glucose-enzyme complex, J. Biol. Chem. 245 (1970)
1020–1031.
36. O. Mirza, L.K. Skov, D. Sprogøe, L.A.M. van den Broek, G.
Beldman, J.S. Kastrup, M. Gajhede, Structural rearrange-
ments of sucrose phosphorylase from Bifidobacterium adoles-
centis during sucrose conversion, J. Biol. Chem. 281 (2006)
35576–35584.
37. A. Schwarz, B. Nidetzky, Asp-196®Ala mutant of Leuconos-
toc mesenteroides sucrose phosphorylase exhibits altered
stereochemical course and kinetic mechanism of glucosyl
transfer to and from phosphate, FEBS Lett. 580 (2006)
3905–3910.
38. A. Schwarz, L. Brecker, B. Nidetzky, Acid-base catalysis in
Leuconostoc mesenteroides sucrose phosphorylase probed by
site-directed mutagenesis and detailed kinetic comparison
of wild-type and Glu237®Gln mutant enzymes, Biochem. J.
403 (2007) 441–449.
39. M. Mueller, B. Nidetzky, The role of Asp-295 in the cata-
lytic mechanism of Leuconostoc mesenteroides sucrose phos-
phorylase probed with site-directed mutagenesis, FEBS Lett.
581 (2007) 1403–1408.
40. C. Goedl, T. Sawangwan, P. Wildberger, B. Nidetzky, Su-
crose phosphorylase: A powerful transglucosylation cata-
lyst for synthesis of a-D-glucosides as industrial fine che-
micals, Biocatal. Biotransform. 28 (2010) 10–21.
41. E.J. Vandamme, J. Van Loo, L. Machtelinckx, A. De Lapor-
te: Microbial Sucrose Phosphorylase: Fermentation Process
Properties, and Biotechnical Applications. In: Advances in
Applied Microbiology, Vol. 32, A.I. Laskin (Ed.), Academic
Press, Orlando, FL, USA (1987) pp. 163–201.
42. C. Goedl, T. Sawangwan, M. Mueller, A. Schwarz, B. Ni-
detzky, A high-yielding biocatalytic process for the pro-
duction of 2-O-(a-D-glucopyranosyl)-sn-glycerol, a natural
osmolyte and useful moisturizing ingredient, Angew.
Chem. Int. Ed. 47 (2008) 10086–10089.
43. C. Goedl, T. Sawangwan, B. Nidetzky, M. Mueller, Prepa-
ration of 2-O-glyceryl-a-D-glucopyranoside from a gluco-
syl donor and a glucosyl acceptor. WO patent 2008034158
(2008).
44. The Spirit of Youth, Jan Dekker International, In-Cosmetics,
Munich, Germany (2009) p. 34.
45. L.L. Lairson, S.G. Withers, Mechanistic analogies amongst
carbohydrate modifying enzymes, Chem. Commun. 20 (2004)
2243–2248.
46. D.H.G. Crout, G. Vic, Glycosidases and glycosyl transfera-
ses in glycoside and oligosaccharide synthesis, Curr. Opin.
Chem. Biol. 2 (1998) 98–111.
47. H. Nakano, T. Kiso, K. Okamoto, T. Tomita, M.B. Manan,
S. Kitahata, Synthesis of glycosyl glycerol by cyclodextrin
glucanotransferases, J. Biosci. Bioeng. 95 (2003) 583–588.
48. C. Luley-Goedl, B. Nidetzky, Small-molecule glucosylation
by sucrose phosphorylase: Structure-activity relationships
for acceptor substrates revisited, Carbohydr. Res. 345 (2010)
1492–1496.
49. A.K. Pavlou, J.M. Reichert, Recombinant protein therapeu-
tics – Success rates, market trends and values to 2010, Nat.
Biotechnol. 22 (2004) 1513–1519.
50. K. Graumann, A. Premstaller, Manufacturing of recombi-
nant therapeutic proteins in microbial systems, Biotechnol.
J. 1 (2006) 164–186.
51. T. Dingermann, Recombinant therapeutic proteins: Produc-
tion platforms and challenges, Biotechnol. J. 3 (2008) 90–97.
52. K. Buchholz, V. Kasche, U.T. Bornscheuer: Biocatalysts and
Enzyme Technology, Wiley-VCH, Weinheim, Germany (2005).
53. A.S. Bommarius, B.R. Riebel: Biocatalysis, Wiley-VCH, We-
inheim, Germany (2004).
54. W. Aehle: Enzymes in Industry, Wiley-VCH, Weinheim, Ger-
many (2004).
55. B.S. Bhatnagar, R.H. Bogner, M.J. Pikal, Protein stability
during freezing: Separation of stresses and mechanisms of
protein stabilization, Pharmaceut. Dev. Tech. 12 (2007) 505–
523.
56. N. Rathore, R.S. Rajan, Current perspectives on stability of
protein drug products during formulation, fill and finish
operations, Biotechnol. Prog. 24 (2008) 504–514.
57. E.Y. Chi, S. Krishnan, T.W. Randolph, J.F. Carpenter, Physi-
cal stability of proteins in aqueous solution: Mechanism
and driving forces in nonnative protein aggregation, Pharm.
Res. 20 (2003) 1325–1336.
58. W.F. Weiss, T.M. Young, C.J. Roberts, Principles, approach-
es, and challenges for predicting protein aggregation rates
and shelf life, J. Pharm. Sci. 98 (2009) 1246–1277.
59. K.M. Polizzi, A.S. Bommarius, J.M. Broering, J.F. Chapar-
ro-Riggers, Stability of biocatalysts, Curr. Opin. Chem. Biol.
11 (2007) 220–225.
60. R.D. Schmid, Stabilized soluble enzymes, Adv. Biochem.
Eng. Biotechnol. 12 (1979) 41–118.
61. M.D. Gouda, S.A. Singh, A.G.A. Rao, M.S. Thakur, N.G.
Karanth, Thermal inactivation of glucose oxidase: Mecha-
nism and stabilization using additives, J. Biol. Chem. 278
(2003) 24324–24333.
62. M. Auton, D.W. Bolen, J. Rosgen, Structural thermodyna-
mics of protein preferential solvation: Osmolyte solvation
of proteins, aminoacids, and peptides, Proteins: Structure,
Function and Bioinformatics, 73 (2008) 802–813.
63. J. Rösgen, B.M. Pettitt, D.W. Bolen, An analysis of the mo-
lecular origin of osmolyte-dependent protein stability, Pro-
tein Sci. 16 (2007) 733–743.
64. T.Q. Faria, S. Knapp, R. Ladenstein, A.L. Maçanita, H. San-
tos, Protein stabilisation by compatible solutes: Effect of
mannosylglycerate on unfolding thermodynamics and ac-
tivity of ribonuclease A, ChemBioChem, 4 (2003) 734–741.
65. A. Ramos, N. Raven, R.J. Sharp, S. Bartolucci, M. Rossi, R.
Cannio, J. Lebbink, J. Van Der Oost, W.M. De Vos, H. San-
tos, Stabilization of enzymes against thermal stress and
freeze-drying by mannosylglycerate, Appl. Environ. Micro-
biol. 63 (1997) 4020–4025.
66. N. Borges, A. Ramos, N.D.H. Raven, R.J. Sharp, H. Santos,
Comparative study of the thermostabilizing properties of
mannosylglycerate and other compatible solutes on model
enzymes, Extremophiles, 6 (2002) 209–216.
67. T.Q. Faria, A. Mingote, F. Siopa, R. Ventura, C. Maycock,
H. Santos, Design of new enzyme stabilizers inspired by
glycosides of hyperthermophilic microorganisms, Carbo-
hydr. Res. 343 (2008) 3025–3033.
68. R. Griessler, A. Schwarz, J. Mucha, B. Nidetzky, Tracking
interactions that stabilize the dimer structure of starch
phosphorylase from Corynebacterium callunae: Roles of
Arg234 and Arg242 revealed by sequence analysis and
site-directed mutagenesis, Eur. J. Biochem. 270 (2003) 2126–
2136.
69. R. Kratzer, K.L. Kavanagh, D.K. Wilson, B. Nidetzky, Stu-
dies of the enzymic mechanism of Candida tenuis xylose re-
ductase (AKR 2B5): X-ray structure and catalytic reaction
profile for the H113A mutant, Biochemistry, 43 (2004)
4944–4954.
70. M. Slatner, B. Nidetzky, K.D. Kulbe, Kinetic study of the
catalytic mechanism of mannitol dehydrogenase from Pseu-
domonas fluorescens, Biochemistry, 38 (1999) 10489–10498.
71. T. Sawangwan, C. Goedl, B. Nidetzky, Glucosylglycerol
and glucosylglycerate as enzyme stabilizers, Biotechnol. J. 5
(2010) 187–191.
283C. LULEY-GOEDL et al.: Biocatalytic Production of a-Glucosylglycerol, Food Technol. Biotechnol. 48 (3) 276–283 (2010)
